Objective: Zinc deficiency is common among populations at high risk for sepsis mortality, including elderly, alcoholic, and hospitalized patients. Zinc deficiency causes exaggerated inflammatory responses to endotoxin but has not been evaluated during bacterial sepsis. We hypothesized that subacute zinc deficiency would amplify immune responses and oxidant stress during bacterial sepsis ͓i.e., cecal ligation and puncture (CLP)͔ resulting in increased mortality and that acute nutritional repletion of zinc would be beneficial.
S epsis is a major cause of morbidity, mortality, and healthcare costs in hospitalized patients and is the tenth leading cause of death overall in the United States (1) . Currently, it is expected that between 20% and 50% of patients who develop sepsis will die despite receiving the current standard of appropriate therapy. The basic cellular and molecular mechanisms accounting for sepsis-related morbidity and mortality remain poorly understood. However, a number of host factors, including immunosuppression, advanced age, chronic alcoholism, and poor nutritional status, are known to increase sepsis mortality (2, 3) .
Zinc is an essential dietary micronutrient with beneficial functions that facilitate cytoprotection, improved wound healing, and tissue repair (4) . Humans, in response to sepsis or endotoxin administration, experience a transient decrease in plasma zinc levels without a concomitant loss of whole body zinc content (5) . This phenomenon is believed to be a component of the host defense response designed to increase cellular zinc bioavailability for cytoprotective functions that involve protein synthesis, neutralization of reactive oxygen species, and prevention of microbial invasion (6) . Therefore, we postulate that individuals who are zinc deficient may be disadvantaged with respect to their ability to respond to systemic acute stress.
Zinc deficiency is underestimated worldwide and is predicted to affect mil-lions (4) . Recent studies conducted in the United States and Europe indicate that a significant segment of the population, particularly those with chronic illness requiring hospitalization, are at an increased risk of zinc deficiency (7) (8) (9) . Furthermore, a significant subpopulation of critically ill patients are chronic alcoholics (10), a condition associated with malnutrition, including depletion of zinc stores (4, 11) . Zinc deficiency can also occur after the onset of trauma (12) or burn injury (13) . Body stores of zinc and other antioxidant nutrients are further influenced by diet, advanced age, smoking, and female gender (9) . Thus, it is likely that a clinically significant number of intensive care unit patients are zinc deficient.
Zinc deficiency is shown to increase mortality in the context of pneumococcal pneumonia, presumably related to the impaired immune response to specific bacterial antigens that are associated with bacterial invasion (14) . In this context, supplementation of zinc in at-risk patients reduces the overall incidence of respiratory infections in an elderly population shown to have significant zinc depletion (15) . Paradoxically, zinc deficiency causes heightened inflammatory responses and more severe organ injury in response to bacterial endotoxin (16, 17) . Many experts agree that a vigorous innate immune response to infection favors rapid resolution of infection and improved outcomes during sepsis (18) .
Considering the plieotropic functions of zinc relating to inflammatory and antioxidant responses, we hypothesized that zinc deficiency would be associated with increased systemic and local inflammation, increased oxidant stress, more severe vital organ damage, and higher mortality in the context of severe sepsis. To test this hypothesis, young adult mice were randomly assigned to receive a zincdepleted diet or a matching control diet for 3 weeks before the onset of sepsis induced by cecal ligation and puncture (CLP). A third group received acute dietary supplementation of zinc 3 days before the onset of sepsis. The effects of dietary zinc depletion and supplementation on sepsis mortality, systemic inflammatory cytokine release, and indices of multiple organ damage were assessed.
METHODS

Establishing a Mouse Model of Zinc Deficiency.
All experiments were approved by The Ohio State University Institutional Laboratory Animal Care and Use Committee in accordance with National Institutes of Health guidelines. Ten-week-old, adult, male, C57BL/6 mice (ϳ25 g) (Harlan Sprague Dawley; Indianapolis, IN) with fully developed lungs, were randomly placed on a zincdeficient diet (Harlan Teklad, TD85419; 1 ppm) (n ϭ 35) or a matched control diet (TD85420; 50 ppm) (n ϭ 35) for 3 weeks, a sufficient time to establish subacute zinc deficiency and eliminate any requirement for pair-feeding. A zinc-free environment was carefully maintained using deionized water in zinc-free containers, stainless steel cages, along with daily cage changes. An additional group (n ϭ 35) received a zinc-fortified diet (TD07129; 100 mg/kg) for 3 days following the 3-week zinc-deficient regimen and before CLP to assess the impact of zinc supplementation.
Measurement of Zinc Status. A cohort of animals (n ϭ 5) within each dietary group was designated for zinc status measurements and thus killed at the end of the 3-week dietary period. Zinc analysis was carried out by measuring serum zinc concentrations using the QuantiChrom Zinc Assay kit (BioAssay Systems, Hayward, CA) according to the manufacturer's recommendations as well as quantitatively assessing liver and lung metallothionein content to characterize zinc nutritional status as previously described (19) .
CLP. At the end of the dietary period in all groups, mice (n ϭ 15 for each diet) were randomly subject to CLP via laparotomy under general anesthesia (1% isoflurane) as described previously (20) with slight modifications. Briefly, through an upper midline abdominal incision, the cecum was delivered, ligated with a silk suture 1 cm from the tip, and doubly punctured with a 21-gauge needle. After puncture, the cecum was gently squeezed to extrude a small amount of feces and returned to the abdominal cavity. The laparotomy was then closed. This model reproducibly results in ϳ30% mortality within 7 days in our hands. Additionally, matched animals (n ϭ 15 for each diet) were randomly assigned to undergo sham operation, which involved laparotomy and cecal deliverance without ligation or puncture. CLP and sham operation groups were then assigned to either a 7-day survival study (n ϭ 10 for each treatment on each diet) or were euthanized at 24 hours (n ϭ 5 for each treatment on each diet) to obtain blood and tissue samples for further analyses.
Macroscopic Tissue Analysis. Immediately following euthanasia, the right main bronchus was cross-clamped, and the left lung was filled with 10% formalin at a constant pressure equal to 25 cm H 2 O allowing homogeneous expansion of the lung parenchyma. The right lung was then removed and snap-frozen for later mRNA and protein analyses, whereas the left lung was paraffin-embedded following exposure to 10% buffered formalin for 48 hours. Tissue samples obtained from the liver, spleen, and ileum were also snap-frozen and fixed in a similar manner. All paraffin-embedded specimens were cut at 5 m for further evaluation including hematoxylin and eosin (H&E) staining. Inflammation in the lung was quantified using histogram analysis in Adobe Photoshop CS2. All white areas in the lung were maintained while all tissue areas were converted to black pixels. The values indicated represent the percent of white space (alveolar space) per high-powered field from at least seven digital images per lung per mouse from three representative animals per treatment condition.
Transferase-Mediated dUTP-Biotin Nick End Labeling (TUNEL) Assay. Detection of cell death was carried out using the TACS.XL-Blue label kit (Trevigen, Gaithersburg, MD) according to the manufacturer's instructions. A minimum of five animals per treatment condition were randomly selected, and TUNELpositive cells were quantified in the lung, spleen, liver, and ileum using histogram analysis in Adobe Photoshop CS2 by converting all TUNEL-positive-stained pixels to black and all other tissue to white. The values indicated represent the percent of TUNEL-positive pixels per high-powered field from at least 10 digital images per organ per mouse.
Real-Time Quantitative PCR. Total RNA from lungs of mice exposed to a normal or zinc-deficient diet was reverse-transcribed into cDNA and then subject to relative quantitation by reverse transcriptase-polymerase chain reaction as previously reported (21) . Prevalidated primer mixtures for target and housekeeping genes were obtained from Su-perArray (Frederick, MD). For quantitation of data, the comparative ⌬(⌬CT) method was used. ⌬CT ϭ CT(target gene) Ϫ CT(housekeeping gene), and this value was calculated for each sample, where CT ϭ cycle number threshold. The ⌬CT calculation involved finding the difference between each sample's ⌬CT and its mean control ⌬CT. These values were transformed to absolute values, where comparative expression level ϭ 2 Ϫ⌬(⌬CT) , statistically analyzed, and then converted to relative copy number (RCN) for presentation purposes.
Plasma Cytokine Analysis. Multiplex quantification of cytokine and chemokine levels was conducted in mouse plasma samples obtained 24 hours after CLP or sham operation. The concentration of each cytokine was analyzed from a 50 L sample volume using a custom-made Bio-Plex Mouse Cytokine 9-Plex panel that included tumor necrosis factor-␣, interleukin (IL)-1␤, IL-6, IL-10, chemokine (C-X-C motif) ligand, macrophage chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1␣, MIP-1␤, and Regulated on Activation, Normal T Expressed and Secreted according to the manufacturer's recommendations using the Bio-Plex 200 Analysis System (Bio-Rad Laboratories, Hercules, CA).
Measurement of Tissue Superoxide Dismutase Activity. Tissue superoxide dismutase (SOD) activity was determined spectrophotometrically using an SOD assay kit (Cayman Chemical, Ann Arbor, MI). The kit uses a tetrazolium salt for the detection of superoxide radicals generated by xanthine oxidase and hypoxanthine (22) . Briefly, liver and lung tissue samples (ϳ1 g) were excised following euthanasia and immediately immersed in an ice-cold homogenization buffer, minced, and repeatedly rinsed to remove as much blood as possible (20) . The liver tissue was then Dounce homogenized (multiple up and down passes) while on ice, whereas the lung tissue was subjected to bead homogenization. Lung tissue samples were added to 1.0 mm Zirconia/ Silica beads (v/v) and 500 L of cold homogenization buffer and then lysed using a Mini-Bead Beater cell disrupter (Biospec Products, Bartlesville, OK) at 5000 rpm for 20 seconds, repeated four times at 5-minute intervals.
Tissue homogenates were subjected to high-speed centrifugation (10,000 ϫ g for 5 minutes at 4°C), and the supernatant protein concentrations were then determined spectrophotometrically using the Bradford assay. The samples were applied to the SOD assay kit according to the manufacturer's instructions. The addition of 1-3 mM potassium cyanide, which inhibits Cu/Zn SOD, allowed for the measurement of manganese superoxide dismutase (MnSOD) activity. Absorbance was read at 450 nm, and reaction rates were calculated based on the linearized SOD standard rate. The results were normalized to those of the sham-operated controls and statistically analyzed.
Measurement of Tissue Protein Carbonylation. Carbonyl modified proteins were quantified in tissue homogenates using the method initially described by Levine et al (23) with minor modifications, as described previously (20) . The results were normalized to those of the sham-operated controls and statistically analyzed.
Statistical Analyses. All data are expressed as mean Ϯ SEM, and statistical significance was based on a minimum value of p Յ 0.05 for single comparisons and for the adjusted p values after multiple comparisons. SigmaStat 5.0 software was used to carry out the statistical analyses. Comparisons of plasma zinc and cytokine and chemokine levels were made using the two-tailed Student's t test. Mortality results were compared using the Log Rank (Mantel-Cox) test. Comparison of mRNA transcripts was conducted using a multiple comparison adjustment with the Holm's procedure based on the raw CT values (standardized). Relative tissue SOD activity and protein carbonylation (treatment vs. diet), as well as pixel analysis of lung micrographs, were compared using two-way ANOVA. The p values of all pairwise comparisons were obtained using the Tukey multiple comparison method.
RESULTS
Plasma zinc concentrations and tissue metallothionein levels were evaluated in the lung and liver to confirm that animals achieved a zinc-deficient state. Mice placed on the zinc-deficient diet consistently exhibited Ͼ50% reduction in plasma zinc concentrations when compared with the matching control diet group (Fig. 1A) . Zinc-deficient mice receiving zinc supplementation had plasma zinc concentrations comparable with those of the control diet group. A concomitant decrease in tissue metallothionein occurred in both the lung and liver in zinc-deficient animals, whereas animals on the control diet or receiving zinc supplementation had similar, higher levels (Fig. 1B) . The observed correlation between plasma zinc and tissue metallothionein content indicated that systemic zinc deficiency was achieved through dietary regulation. In addition, following the 3-week dietary period, there were no observable differences in overall animal physical appearance among the three groups or in body weight between the control and zinc-deficient animals (24.3 Ϯ 1.2 vs. 24.6 Ϯ 0.5 g, respectively; starting weight ϭ 24.7 Ϯ 0.5 g).
Zinc deficiency had a profound impact upon survival in response to sepsis. CLPtreated mice fed a control diet experienced 70% 7-day survival (Fig. 2) , whereas zinc-deficient CLP-treated mice had a significantly lower survival of 10%. The time to death was also accelerated in the latter group, with the majority expiring within the first 48 hours. The CLP treatment group that received acute zinc supplementation had a delayed onset of death and a marked improval in survival compared with the zinc-deficient CLP group.
Histologic evaluation of tissue samples obtained from the lung, spleen, liver, and ileum of mice at 24 hours post-CLP were compared with matching sham operation groups to assess possible systemic organ damage and enhanced cell death. The lungs from animals placed on the zinc-deficient diet without further intervention (not shown) or subsequently subject to sham surgery (Fig. 3A) seemed normal, exhibiting no substantial evidence of tissue injury or inflammation. By comparison, CLP-treated mice on the control zinc diet exhibited mild patchy inflammatory cellular infiltrates without gross changes in parenchymal tissue structures (Fig. 3B) . The effects were more dramatic in the lungs of CLPtreated zinc-deficient mice demonstrating extensive inflammatory cell infiltrates, perivascular edema, and epithelial damage (Fig. 3C) . In contrast, the CLPtreated zinc-deficient mice receiving zinc supplementation had lung histology comparable to the sham-operated control diet group (Fig. 3D ). The magnitude of open airspace, assessing lung injury, was significantly reduced in CLP-treated zincdeficient mice compared with CLPtreated animals in the control diet and zinc supplementation groups (Fig. 3E) .
Because the extent of inflammation in the lung was greater than in the other tissues, making it more difficult to estimate actual lung parenchymal injury, a validated, quantitative reverse transcriptase-polymerase chain reactionbased assay was used. A significant decrease in transcripts for the adenosine triphosphate-binding-cassette transporter, solute carrier family 34 (sodium phosphate) member 2, vascular endothelial growth factor A, and surfactant protein A was observed in the lungs of CLP-treated animals compared with matching shams. Furthermore, gene expression was further reduced in the CLPtreated, zinc-deficient group (Fig. 3F) , consistent with lung epithelial and endothelial damage (21) .
Histologic characteristics of the spleens of sham-operated, zinc-deficient animals were similar to controls (not shown). In contrast, CLP-treated animals exhibited mild hypocellularity of the lymphocytic follicles, whereas zinc-deficient CLP-treated animals exhibited marked hypocellularity (white arrows) ( Fig. 4) . Relative to sham-operated animals on the control and zinc-deficient diets, CLPtreated animals also exhibited marked hepatocyte edema, the severity of which was greatest in the zinc-deficient mice (Fig.  4) . The ilea of CLP-treated mice demonstrated no significant changes in overall structure; however, there was a small but significant increase in the number of apoptotic-appearing cells in the epithelial layer of the zinc-deficient CLP group (Fig. 4) .
Further examination of these same vital organs was conducted using TUNEL analysis to detect apoptotic changes. A marked increase in TUNEL-positive cells occurred in all tissues from CLP animals and was most pronounced in the spleen and lung. Most striking were the findings in CLP-treated, zinc-deficient mice that exhibited a significant increase in the presence of TUNEL-positive cells across all tissues when compared with CLPtreated control diet animals within 24 hours of sepsis (Fig. 5 ). The observed pattern of TUNEL staining within the lymphoid follicles indicated that splenic lymphocytes were highly susceptible to apoptosis. Further, zinc supplementation decreased the occurrence of TUNELpositive cells in all tissues, an effect that was most evident in the lung and spleen. Sham-operated animals on control and zinc-deficient diets did not have any evidence of increased cell death (data not shown).
To determine the effects of dietary zinc upon the systemic inflammatory response in sepsis, plasma concentrations of cytokines (IL-1␤, IL-6, IL-10, tumor necrosis factor-␣), and chemokines (MIP-1␣, MIP-1␤, MCP-1, RANTES, KC) were measured 24 hours after CLP or sham operation. Overall, zinc deficiency increased the systemic inflammatory response to sepsis when compared with the control diet group. In particular, significant increases in plasma IL-6, IL-10 ( Fig.  6) , IL-1␤, and MIP-1␣ (Table 1) were observed. Plasma MCP-1, KC, RANTES, and tumor necrosis factor-␣ levels were also noted to increase, whereas MIP-1␤ levels remained relatively unchanged (Table 1) . Interestingly, zinc-depleted mice receiving acute zinc supplementation before CLP had plasma cytokine and chemokine concentrations comparable to CLPtreated animals on the control diet. With respect to the zinc-deficient diet, there were no differences in plasma cytokine or chemokine levels in the sham-operated animals. Thus, zinc deficiency amplified the systemic inflammatory response during polymicrobial sepsis within 24 hours, and acute zinc supplementation inhibited this response.
The effects of zinc status upon total SOD and mitochondrial MnSOD activities were then assessed in snap-frozen lung and liver tissue homogenates ( Table 2) . Liver total SOD and MnSOD relative activities were significantly reduced in the zinc-deficient group and were partially restored by acute zinc replacement. Although total SOD activity was not different in the lungs in any of the groups, MnSOD activity was significantly lower in the animals fed the zinc-deficient diet. In keeping with the lower levels of SOD activity, tissue concentrations of carbonyl proteins, which reflect irreversible oxidative protein modification, were significantly higher in the lungs and livers of CLP-treated zinc-deficient animals. Acute zinc replacement completely normalized MnSOD activity in the lung, partially restored total and MnSOD activities in the liver, and attenuated protein carbonylation in the lungs and livers of CLPtreated animals.
DISCUSSION
We report that zinc deficiency modifies oxidant status and increases inflammation, cell death, and overall mortality in a conventional murine model of polymicrobial sepsis. These findings represent an extension of previous observations wherein zinc deficiency was shown to increase the likelihood of developing respiratory infections in elderly humans (15) and promoted more invasive lung infection following Streptococcus pneumoniae inoculation, presumably relating to impaired antibacterial barrier (surfactant) defenses (14, 24) . The CLP model represents an infection that has eluded typical barriers (e.g., lung or gut epithelium) and is confronted directly by the innate immune system. Based on acute endotoxemia models, one would have predicted a more robust innate immune response in zinc-deficient animals (16, 17) , which could have effectively eradicated the infection resulting in a more favorable outcome. However, depletion of tissue antioxidant defenses attendant to zinc deficiency (25) would also promote oxidative organ damage under these conditions. Thus, the findings of these investigations were not self-evident, and this is the first study to show that zinc deficiency increases mortality in a relevant surgical, polymicrobial infection model.
Another novel feature of these investigations is the striking reversal of oxidant-related events, inflammation, and cell death in vital organs and spleens in the septic zinc-deficient mice following short-term oral zinc supplementation. The effect of diminished mortality was significant but remained elevated relative to the septic animals on the control diet. The cause for increased mortality in response to zinc deficiency remains unclear, but likely involves increased organ injury, as reflected by increased inflammation, cell death, and manifestations of oxidant stress in multiple tissues. This investigation extends previous work by evaluating individual target organs involved in MODS and identifying those that are adversely influenced by zinc deficiency. In particular, we observed that the ileum, liver, lung, and spleen had increased cell death. In addition, selective analysis of the liver and lungs revealed significant alterations of SOD activity associated with increased amounts of irreversibly oxidized (carbonylated) proteins. Together, these results suggest that zinc status in the critically ill population contributes to the development of multiple organ damage and consequent loss of function, the putative cause of sepsis mortality (26) .
Zinc is a divalent metal cation and micronutrient that is essential for survival. The homeostasis of total body zinc stores in humans is tightly controlled with approximately 1% of total body zinc content replenished daily by dietary intake (6) . When intake is low, homeostatic adjustment through tissue redistribution is insufficient to replace zinc losses, and a negative zinc balance occurs within weeks affecting multiple tissue compartments (27) . In this study, the level of zinc deficiency achieved in blood samples would be considered mild to moderate. The concomitant alteration in metallothionein levels observed in both the lung and liver of zinc-deficient animals con- firmed that zinc stores were likely depleted at the tissue level. Despite this, there were no distinguishable physical differences between zinc-deficient mice and their control diet counterparts before CLP.
The rapid onset of clinical symptoms observed in humans in response to extreme dietary zinc deficiency led to the discovery that in comparison to other metals, such as iron, zinc body stores are extremely labile. It is now realized that mammals primarily use their plasma pool, which represents approximately 10% of total body content, to acquire zinc in times of need (27) . Furthermore, sepsis or endotoxin exposure in humans results in a transient decrease in plasma zinc (5) related to intracellular redistribution, which apparently bolsters the host's barriers to bacterial defenses (28) . This mechanism is in keeping with observed increases in the incidence of bac-terial pneumonias in zinc-deficient children (29) and adults (15) , and reduced rates of skin and pulmonary infections in burn-injured patients in whom deficiencies in zinc and other trace elements were corrected (30) . However, these studies linking zinc deficiency to an increase in the incidence of sepsis provide little insight into the role of zinc during established infection wherein the potency of the innate immune response is balanced against the ability of the host to guard against "collateral damage" consequent to the immune response, which ultimately determines the clinical outcome (e.g., organ function, survival) (31) .
The biological consequences of zinc deficiency may relate, in part, to its effects on nuclear factor (NF)-B, a transcription factor central to many of the signaling networks involved in sepsis (32) . Otsu et al (33) showed that depletion of zinc augments the DNAbinding activity of NF-B such that immune responses are magnified, and others have shown that greater NF-B activity correlates with higher sepsis mortality (34) . Therefore, one plausible mechanism for the increased cytokine and chemokine production and higher mortality in the context of zinc deficiency is an increase in NF-B activity. At higher concentrations, zinc interacts with proximal signaling intermediates thereby suppressing NF-B activation (35) . NF-B activation is also directly linked to increased MnSOD expression and function (34) ; however, other variables such as changes in mitochondrial mass or inactivation by peroxynitrite also influence tissue MnSOD activity (36) . The latter may account for the observed decrease in MnSOD activity in lung and liver tissues in the zincdeficient septic mice. Regardless of the mechanism, it is likely that compromised antioxidant defenses and amplification of the immune response as a consequence of zinc deficiency contribute to the accumulation of oxidized proteins, and presumably other cell components (e.g., lipids and DNA) in vital organs.
It is interesting that acute zinc supplementation to reverse zinc deficiency did not completely restore sepsis mortality to that of the septic control diet group. Apparently, the magnitude of zinc supplementation was sufficient, based on normalized plasma zinc levels and tissue metallothionein content, and there were significant benefits in terms of attenua- tion of systemic cytokine/chemokine release and tissue injury. These findings are consistent with those of Waelput et al (37) who observed potent anti-inflammatory effects of zinc supplementation in a model of tumor necrosis factor-␣-in-duced lethality in mice. However, if altered immune and antioxidant responses were primarily responsible for organ damage and mortality in zinc-deficient septic animals, one would expect that the mortality observed in the zinc-supple-mented animals would approximate that of animals on the control zinc diet. The failure of acute zinc repletion to revert sepsis mortality to that observed in control animals implies that our measurements were not sensitive enough to detect relevant changes in immune or antioxidant status or that critical molecular events attendant to zinc deficiency are not readily reversible (38) . In this regard, genome-level expression of genes relating to zinc homeostasis were overrepresented, and zinc levels were found to be lower in nonsurvivors of pediatric sepsis (39) . It is interesting to postulate that changes in zinc concentration influence gene expression in a way that promotes unfavorable sepsis outcomes. Further investigations are needed to fully elucidate the mechanisms by which zinc deficiency predisposes the host to sepsis mortality.
In summary, this study identifies dietary zinc as an important determinant of inflammation, organ damage, and mortality in a relevant model of polymicrobial sepsis (CLP). Zinc deficiency results in the augmentation of systemic and regional inflammatory responses, more severe tissue damage, as reflected by increased cell death and oxidant stress, and increased mortality. Although acute zinc repletion immediately before the onset of sepsis is protective in terms of normalizing the inflammatory response and reducing tissue damage, it only partially improves mortality compared with the animals maintained on the matching control (normal zinc) diet. These findings suggest that the destabilizing effects of zinc depletion are not readily reversible or that the approach to restoring zinc stores must be modified (e.g., longer duration or higher levels of supplementation) to completely normalize cell and organ functions. Whether zinc supplementation offers any benefit after the onset of sepsis in zinc-deficient subjects remains to be determined and is further complicated by challenges inherent in accurately measuring and correcting zinc nutrient status in humans during acute illness (40) . In view of the prevalence of zinc deficiency in the adult population, particularly in those with comorbid disease (e.g., alcoholism) and to the extent that the rodent model is relevant to humans, these investigations have important implications for influencing sepsis outcomes in humans by identify- ing zinc deficiency and replenishing zinc stores in those who are at high risk for sepsis.
